Introduction
On implementation of the EU RoHS and WEEE directives [1] extensive investigations have been carried out to find lead-free alloys instead of traditional Pb-Sn solders. Progress has been made in the area of low-temperature lead-free solders [2] , while the research is seriously lacking into replacements of Pb-Sn solder alloys, where the Pbcontent is above 85 wt.%. High-temperature solders with melting temperatures above 550 K are widely used in the electronics industry for advanced packing technologies [3, 4] . Sb-Sn alloys are considered among the high-temperature solder candidates. Indeed, Sn-rich Sn-Sb alloys exhibit good electrical properties and a wide range of melting temperatures that make them appropriate in the step-soldering technology. The solders used at the early stages should be characterized by higher melting temperatures in order not to be molten during the subsequent soldering [5] .
As silver is one of the main materials for the conduction lines and pads in multilayer lowtemperature ceramic substrates, Sb-Sn solder joints form Ag-Sb-Sn contacts because of the dissolution and interfacial reactions. Thus, binary Sb-Sn solders with intake of Ag are transformed into the ternary Ag-Sb-Sn phases. The ternary Ag-Sb-Sn alloys are characterized by enhanced mechanical properties, fatigue resistance, and thermal resistance with respect to the eutectic Ag-Sn solder, thus rendering it suitable for use in high temperature service environments [6] .
In the present work, the thermophysical properties relevant to the soldering such as density, surface tension and wetting behavior on Cu and Ni substrates for the ternary Ag-Sb-Sn liquid alloys with high Sncontent have been investigated.
Experimental
The density, surface tension and wetting characteristics of the Ag 9 Applied experimental methodology and techniques presented in this paper were already described in [7] . The alloys were prepared from pure Ag, Sb and Sn (99.99%) according to the nominal composition by arc-melting under protective atmosphere of highpurity argon after preliminary evacuation of the furnace up to the rest pressure of about 0.1 Pa. Almost spherical specimens of about 3 mm in diameter were placed on polished graphite substrates for the density and surface tension measurements [7] . Before the measurements, the graphite substrates were aligned horizontally in order to provide an axis-symmetry of the liquid drop. The axis-symmetry of the sample was checked permanently during the experimental run. The shape of the sample was captured by means of a digital CCD camera [7] . Three series comprising 20 pictures each were captured during two minutes after reaching the desired temperature. The temperature was measured with a thermocouple (type K) placed right above the sample and kept stable within ± 1 K around the selected set-point. During the experiments a pressure of less than 10 -3 Pa was maintained in the chamber [7] . Measurements of the density and surface tension were carried out by decreasing the temperature step by step from the maximum experimental temperature. Images were taken at intervals of about 25 K after a slow cooling and temperature stabilization for several minutes. In order to avoid recording of the glowing of the heater and samples, monochromatic blue background light and a suitable filter in front of the camera were applied [7] .
In order to obtain the density and the surface tension data the droplet shape was acquired and subsequently analyzed. The substrate line and the profile of the sample were found automatically by dedicated evaluation software [8] . Assuming axisymmetry of a droplet, a contour function has been obtained and then integrated in order to get the volume and, finally, with the sample mass, the density, .
Determination of the surface tension, , is based on the analysis given by Rotenberg, Boruvka and Neumann [9] . Starting from suitable assumptions on the droplet size and its surface tension, the profile line was calculated by numerical integration of the Laplace equation [7] . Taking into account systematic errors of measurement procedure and the accuracy and repeatability of profile acquisitions, the overall or total error involved in the surface tension value is estimated to be about 7 % [10] .
The wetting behaviour of liquid Ag-Sb-Sn alloys in contact with Cu and Ni-substrates has been determined with the sessile drop method. For determination of the contact angle, copper and nickel plates were used as substrates. Prior to the measurement, the surface of the substrate was carefully polished, cleaned with acid and rinsed with propane. In order to achieve a uniform temperature field, at the beginning of each measurement the alloy sample was kept 15 min in the furnace at the temperature of about 20 K below its melting temperature. The measurements were carried out during heating with steps of temperature between 10 and 20 K.
Modeling
Based on Butler's model, the surface tension of binary and ternary liquid alloys, assuming the regular solution model, can be calculated as [11] : (1) where R, T,  i , S i are the gas constant, absolute temperature, the surface tension of pure components and the surface area, respectively partial excess Gibbs energies of a component i in the surface phase and in the bulk phase, respectively. Both free energies are given as functions of T and composition of the surface and bulk phase, i.e.,.
The surface area of component i is calculated from Avogadro's number, the atomic mass and the density data [12] as follows: (2) The excess energy term of a component i can be derived from the standard thermodynamic relation, in the form:
where  ij is Kronecker's symbol. Assuming that the free energy of the alloy is always proportional to the number of interactive contacts between neighbouring atoms, can be related to the respective coordination numbers in the surface layer and the bulk phase as: (4) where  is the ratio between the two coordination numbers, i.e. a parameter describing the reduced coordination in the liquid phase. In typical closepacked solid structures (bcc, hcp) the coordination numbers are 12 and 9 for the bulk and the surface phases, respectively, and thus = 0.75. However, in some cases the value of  might be affected by other factors, such as the relaxation of the surface structure, and in the literature different values ranged in 0.5    0.84 can be found [12] .
In the present paper, the excess Gibbs energies of the binary subsystems of the Ag-Sb-Sn system are given in the form of Redlich-Kister polynomials, as follows: (5) The excess Gibbs energy of the Ag-Sb-Sn liquid phase is calculated combining the corresponding values of the Ag-Sn [13] , the Ag-Sb [14] and the SbSn [15] binary subsystems (Eq. 5) with an additional ternary contribution [14] , , in the form: 
( 
[13], Ag-Sb [14] and Sb-Sn [15] systems and their phase diagrams indicate that the three binaries are compound forming systems characterised by weak interactions between the constituent atoms. Accordingly, the effects of the short range order on the surface properties of the abovementioned compound forming liquid alloys are not pronounced, as it was shown in the case of liquid Sb-Sn alloys [16] . In the present study the surface tension calculations were performed for the temperature of 1073 K, at which, according to the Ag-Sn and Ag-Sb phase diagrams [17] , the liquid phases of these systems exist up to 84 at.% Ag and up to 87 at.% Ag, respectively, and the values for the Ag-rich compositions refer to a supercooled liquid state. The optimized data sets of the excess Gibbs energy of mixing, , of liquid AgSn [13] , Ag-Sb [14] and Sb-Sn [15] alloys (Eq. 5) together with the reference surface tension data for pure components (Ag [18] , Sb [19] and Sn [20] ), as well as their molar volumes [12] have been used to calculate the surface tension isotherms by the Butler model in the regular solution approximation (Eq. 1). The comparison of the surface tension literature data for the liquid Ag-Sn [21] [22] [23] [24] [25] (Fig. 1) , Ag-Sb [19] (Fig.  2) and Sb-Sn [14, 7, 26] alloys with corresponding calculated isotherms (Fig. 3 ) reveals a good agreement, although in some cases, different experimental methods have been used.
Experimental results: surface tension and density of liquid ag-Sb-Sn alloys
The density and the surface tension measurements were carried out on the Ag 9 Fig. 4 and Fig. 5 , respectively. The density of the Ag-Sb-Sn alloys decreases with increasing concentration of Sb from 8 at.% up to 20 at.%. Admixtures of silver from 6 to 9 at.% result in higher values of density in comparison to the density of binary Sb-Sn alloys with the same content of antimony [7, 26] . The density of the Ag-Sb-Sn alloys decreases nearly linearly with increasing temperature. In the temperature ranges investigated, the temperature dependence of the density is well described by the linear equation: (7) where  o and are the density at the melting temperature and its temperature coefficient, respectively. Parameters of the linear fits plotted in Fig. 4 are given in Table 1 .
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Figure 1. Surface tension isotherm (T = 1073 K) for liquid Ag-Sn alloys: line -calculation, symbolsexperimental data [21-25]

Figure 2. Surface tension isotherm (T = 1073 K) for liquid
Ag-Sb alloys: line -calculation, symbolsexperimental data [19] . [16, 7, 26] .
Figure 3. Surface tension isotherm (T = 1073 K) for liquid Sb-Sn alloys: line -calculation, symbols -experimental data
The experimental values of the surface tension for the Ag 9 Sb 20 Sn 71 , Ag 7.5 Sb 15 Sn 77.5 , Ag 6 Sb 10 Sn 84 , Ag 6 Sb 8 Sn 86 liquid alloys measured in this work are shown in Fig. 5 . The surface tension of the Ag-Sb-Sn alloys decreases with increasing concentration of Sb from 8 at.% up to 20 at.%. The temperature dependence of the surface tension, (T) is well described by the linear law (Eq. 8) with the parameters given in Table 1 . (8) Here   and are the surface tension at the melting temperature and the surface tension temperature coefficient, respectively.
The density and surface tension experimental data for liquid Ag-Sb-Sn alloys have also been reported in [27] . Those data cover the temperature range of the present measurements, while the compositions are different and thus, due to the lack of literature data it was impossible to compare the new experimental data.
The surface tension for liquid Ag-Sb-Sn alloys has been calculated for T = 1073 K using the Butler thermodynamic model in the regular solution approximation (Eqs. 1-4). The excess Gibbs energy of liquid Ag-Sb-Sn alloys has been calculated with Eq. (6), taking into account the energetic contributions of the binary subsystems (Eq. 5). The surface tension data obtained in the present work exhibit a good Table 1 ). Table 1 ). (Fig. 6) [27] agree also well with the calculated results.
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wetting
The wetting angles for the liquid Ag 9 Fig. 7 . For each alloy, the values of the initial and final contact angle along with the corresponding temperature are given in Table 2 .
A sharp drop of the contact angle was observed for all alloys investigated in contact with Cu substrate, while in the case of Ni substrate, its value decreases gradually with an increase in temperature to the final value. Although the Sb-content in the alloys investigated varies between 8 and 20 at.% and the Agcontent varies between 6 and 9 at.%, the final values of the contact angles on Cu-substrate converge to the value of  = 33°. Different contact angles were observed on Ni-substrates and these values are higher with respect to those on Cu, indicating poorer wetting characteristics ( Table 2) .
Analysis of the literature data for the ternary liquid Sn-based alloys on solid Cu and Ni indicates that the wetting behaviour of Sn-rich alloys is better in the case of Cu-substrate [3, 28] . For example, it was found that the wetting of the Ag 3.73 Bi 2.79 Sn 93.48 alloy is much better on Cu than on Ni-substrate [28] . The contact angle values of 21.7° on the Cu-substrate has been observed at 613 K, while the wetting angle of 41° was on the Ni-substrate at 633 K. Similar results for other Sn-rich lead-free solders are reported in [29, 30] .
conclusions
The density, surface tension and wetting on the Cu and Ni-substrates have been studied for the Sn-rich Ag-Sb-Sn liquid alloys in the temperature range from their melting point up to 1100 K. The experimental temperature dependences of the surface tension and density obey a linear law. The surface tension of liquid Ag-Sb-Sn alloys was calculated by the Butler model in the regular solution approximation and the computed values agree quite well with the experimental data. The Sn-rich Ag-Sb-Sn liquid alloys show better wetting behavior on Cu-substrates in comparison to that observed in the case of Nisubstrates. The wetting characteristics of the systems investigated are similar to those of other Sn-based solders described in the literature. 
